Introduction {#Sec1}
============

In recent years, one of the most important transformations in the area of biology has occurred as RNA molecular biology. In 1990, RNA interference (RNAi) phenomenon was firstly discovered in plants and *Caenorhabditis elegans* (nematode) in the form of single-stranded RNA (ssRNA) by Carolyn Napoli and Richard Jorgensen. Later, in 1998, Andrew Fire and Craig Mello found RNAi as a double-stranded RNA (dsRNA) in mammalian cells; pursue the development of an innovative therapeutic tool in the biomedical field. Andrew Fire and Craig Mello demonstrated that dsRNA is more effective for down-regulation of gene expression than ssRNA (Xu and Wang [@CR161]; Fire et al. [@CR43]). The interference mechanism of siRNA is involved to control many cellular phenomena including an intranuclear arrangement of heterochromatin and development, multiplication, differentiation and proliferation of cells (Berezikov [@CR12]). The core of mechanism is RNA molecules; microRNA (miRNA), [siRNA](https://en.wikipedia.org/wiki/Small_interfering_RNA), and germline-directed Piwi-interacting RNA (piRNA) which actually directs degradation of the protein-encoding messenger RNA (mRNA) through a complex of certain enzymes. While piRNA and microRNA intrinsically generate from the genome, the siRNA perform as an exogenously designed fragment for interference therapy (Wilson and Doudna [@CR153]) Thus, post-transcriptional gene silencing regulates the outcome of the targeted gene by repressing translation.

siRNA has several merits over conventional therapeutic agents like synthetic drugs or bioflavonoids. The key advantages are remarkable target-specific gene knockdown/silencing property, lesser side effects, potent gene regulation, thermodynamic stability, ease of synthesis with low production costs than protein or antibodies and there is no need of cellular expression system and complex protein purification (Liu et al. [@CR80]; Chougule [@CR26]). One of the major advantages of RNAi is the capability to access "non-druggable" targets; for instance, certain targeted proteins which become inaccessible to drug due to alteration in enzymatic function or conformation. For such cases, synthetic RNA can be sequenced to target almost any desired gene of human genome (Aagaard and Rossi [@CR1]). This advancement is associated with the emergence of short noncoding RNA stretch known as siRNA. Because of its unique property to regulate the targeted genes expression (in-vivo and in-vitro both), currently siRNA has obtained more attention as a potent therapeutic agent in several biological and genetic abnormalities such as neurodegenerative diseases, Huntington's disease, hematological diseases, inherited genetic disorders, dominant genetic disorders, cardiovascular disorders, various cancers, viral infections, autoimmune diseases, ocular diseases and many other illnesses caused by action from one or several genes, which can be regulated via RNAi phenomenon (Gavrilov and Saltzman [@CR44]; Dorn et al. [@CR37]; Jagannath and Wood [@CR63]). The genetic expression may be altered at various genetic levels, involving RNA processing, RNA stability, chromatin structure, chromosome segregation transcription, and translation (Carthew and Sontheimer [@CR20])

siRNA is a better therapeutic agent than conventionally used therapeutic agents. For the effective therapeutic therapy, the first and most essential step is to ensure the delivery of siRNA to the targeted/site-specific tissue and cells from the administrated site. Although, the systemic circulation of naked RNA molecule is challenged with several hurdles/problems such as fast enzymatic degradation in the physiological and biological media, entrapment by phagocytes, extravasation from blood to tumor tissues, recognition by the immune system, renal clearance, poor tissue penetration, incompetent endocytosis, immunostimulation, and off-target effects. These several drawbacks prevent the delivery of siRNA to the active site (Lee et al. [@CR74]; Gewirtz [@CR45]). So, viral and non-viral carriers developed as carrier systems. Initially, the viral vectors were used as delivery platforms where the viruses deliver the therapeutic siRNA into the targeted cells through the mechanism of transduction. They are suitable for both transient and long-term gene silencing, depending on the type of carrier viruses. Moreover, viral vectors have the ability to enter the nucleus of the cells (Qiu et al. [@CR116]). However, these conventional vectors have a risk of causing immunogenicity, toxicity, and insertional mutagenesis. The smaller size of viral particles with small size also limits the size of a therapeutic gene that can be inserted and carried. Some of the carriers and conjugated with various molecules are used to deliver siRNA such as aptamer oligonucleotide, sterol or antibody conjugates with siRNA. But these conjugations and carriers are not enough for the systemic delivery of siRNA.

Therefore, for overcoming the associated hurdles during systemic delivery and to successfully deliver siRNA-based drugs in-vivo with easy and improved extensive practical applications, various carriers or vectors are required that can convey the siRNA to the desired site of activity. Non-viral based biocompatible, biodegradable, non-toxic, nano-sized carrier systems extensively employ nanomaterials (NMs) as compact carriers for in-vivo delivery of siRNA. NCs have the diameter/size \<100 nm. Due to small size, NCs have some advanced and unique physiochemical properties than micro or macro carriers such as they possess a greater ratio of surface area to volume with the increased number of surface-active molecules. These nanocarriers (NCs) form complexes with the siRNA or encapsulate it to develop an intact and inert molecule or particle which that is capable of transfecting the targeted cells and inducing the genetic interference (Dana et al. [@CR32]). Davis et al. ([@CR33]) showed the site-specific transport of siRNA using NCs in humans via systemic injection in earlier work, which developed as a foundation for later research related to the medical application of siRNA (Davis et al. [@CR33]). After this, several researchers and scientists have developed/synthesized several NCs such as cationic polymeric nanoparticles (polyplex), liposomal nanocarriers (lipoplex), carbon nanomaterials, lipid-based nanomicelles etc. These NCs protect the siRNA from rapid enzymatic degradation in biological and physiological media, reduce immunogenicity, increase blood retention time and cellular uptake, and increase the targeted delivery. These advantages are responsible for improving the therapeutic effects of siRNA during systemic circulation.

This chapter presents the basic mechanism of siRNA interference, its advantages, various routes of administration, hurdles/challenges during systemic delivery naked siRNA, and overcoming of these hurdles using various nanocarriers.

Mechanism of siRNA Interference {#Sec2}
-------------------------------

siRNA interference is an intrinsic process of post-transcriptional gene regulation where a non-coding stretch of RNA sequence down-regulate the activity of several coding genes and silence the gene expression (Draz et al. [@CR38]). Mostly a short dsRNA fragment known as siRNA mediates homology-based regulation of gene expression in eukaryotic cells (Fig. [1](#Fig1){ref-type="fig"}) (Almeida and Allshire [@CR7]). This process can be compared to another approach based on miRNA knockdown and replacement. For inhibition, a synthetic ssRNA known as antagomirs/anti-miRs employed as the antagonist of intrinsic miRNA through an antisense mechanism. The replacement process involves synthetic miRNAs which are introduced in-vivo to mimic the function of the endogenous miRNAs. This RNA mimicking leads to gene silencing and degradation/inhibition of mRNA consequently. This chapter elaborates the clinical application of RNA interference in medical treatment and exclusively focuses on the siRNA therapy (Aagaard and Rossi [@CR1]).Fig. 1Mechanism of siRNA interference in-vivo. (Draz et al. [@CR38])

The first step of RNAi is the initiation phase which involves the production of effectors molecules. There are two specific nucleotides at the 3′-overhang of double-stranded RNA molecules approximately 21--22 base pair long which is targeted by an enzyme complex known as Dicer, in homology-dependent mechanism to cleave recognized mRNA. The RNase III-like enzyme termed as Dicer, degrades the longer dsRNA, generating short interfering RNAs in the homology-dependent mechanism (Gavrilov and Saltzman [@CR44]). This processing of dsRNA into siRNA constructs by endonuclease Dicer occurs in the cell cytoplasm.

After the formation of effector molecules, the execution phase begins when a multiprotein complex bound the effector molecules to stimulate gene silencing. siRNAs are bound by a multi-subunit assembly of certain proteins forming RNA-induced silencing complex (RISC) (Hammond et al. [@CR54]). The RISC complex includes three proteins, namely Dicer, TRBP, and Argonaute 2, each with a distinct role; (1) Dicer joins siRNAs to the RISC (2) TAR-RNA binding protein (TRBP) assists the siRNA-RISC bounding (3) Ago-2 is the slicing protein of RISC complex that acts at specific cleavage site between bases 10 and 11 from the 5′-terminal of the antisense siRNA strand, in the target mRNA molecules (Aagaard and Rossi [@CR1]). The mRNA strands which are almost complementary of guide RNA strand recognized and sliced by Ago-2 protein. In the second instance, this complementary siRNA-mRNA pair sometimes resembles miRNA bounded to target sites. miRNAs are processed within the nucleus by Drosha-DGCR8 complex, thereby repressing translation or degrading the transcript.

The Argonaute (Ago) proteins are the sole member of RISC and the catalytic domain of Ago-2 enables the cleavage of targeted mRNA region (Meister et al. [@CR90]). The siRNAs embedded within RISC are duplex, Ago-2 proteins detach and remove one of the strands from RISC bounded double-stranded siRNA referred to as the passenger strand. The other single strand, known as guide RNA, remains embedded in the RISC complex (Fig. [2](#Fig2){ref-type="fig"}). The functionally active complex with guide RNA recognizes the target due to specific intermolecular base pair interaction (Tang [@CR138]). Ago-2 protein is composed of three functional subunits; namely PIWI, PAZ, and MID. Among these, the PIWI domain possesses the structural folding similar to RNase H and provides thermodynamic enthalpy to the RISC complex for cleavage (Song et al. [@CR135]). The PAZ subunit of the Ago-2 protein binds two terminal 3′-nucleotide specifically for connecting it to the RISC complex. The staggered ends of the siRNA consisting of the specific nucleotide lie in the core domain in a hydrophobic cavity composed of various aromatic residues where the base of the terminal nucleotide is stacked (Song et al. [@CR134]). The 5′-phosphate group of siRNA is bounded to the carboxyl-end of the protein in the middle of the MID and PIWI domains through a magnesium ion (Ma et al. [@CR83]). It is observed that the Argonaute family also contributes while guide-strand selection. Argonaute conserves the strand which has less thermodynamically stable 5′-terminal as the guide strand and cleaves another one to release the passenger strand (Schwarz et al. [@CR129]).Certain basic principles such as thermodynamic stability of the siRNA end regulate the selection of the strand which remains anchored to the RISC complex (Schwarz et al. [@CR129]). The strand with less stability at the terminals usually converts to form mRNA molecules which can be recognized and later on degraded by Ago-2. The strand complementary to the targeted mRNA act as guide RNA.Fig. 2Formation of the RISC complex. (Gavrilov and Saltzman [@CR44])

Advantages of siRNA {#Sec3}
===================

RNAi has several extra benefits and advantages compared to others therapeutic agents (already discussed in Sect. [1](#Sec1){ref-type="sec"}). However here, we are discussing some of the significant advantages of siRNA in details including its therapeutic efficacy/potency for suppressing of gene expression, self-targeted/selective delivery on infected cells, and safety.

Potency {#Sec4}
-------

Contrary to other bioactive molecules applied so far including antisense DNA oligonucleotides and RNA-enzymes, RNAi has a greater potential in antisense technology (Bertrand et al. [@CR13]). The high potential of RNAi approach observed because of the fact that effector molecules may function at a lower concentration than in the case of ribozymes or antisense oligos. This is a major advantage in a clinical scenario. The underlying factor for the above success of RNAi over other antisense-based practices for treatment purpose is that it autonomously target the complementary transcripts by using the host cellular machinery, often leading to suppression of gene expression up to much extend. Of note, small antisense ssRNAs may also bind complementarily into RISC and conduct target mRNA (Martinez et al. [@CR89]).

The efficiency of siRNA interference is decided by many parameters such as structural features (Patzel et al. [@CR109]), target mRNA accessibility (Heale et al. [@CR59]), position-specific determinants (Amarzguioui and Prydz [@CR8]), and differential end stability (Schwarz et al. [@CR129]). The most important parameter among is the thermodynamic stability of terminal points which depends on asymmetry and holds an important function in the selection of mRNA. This efficiency is usually measured by half of the maximum inhibition value known as IC~50~ values.

Selectivity {#Sec5}
-----------

The high degree of specificity of siRNA-based approach is a major quality which enables the recognition of targeted and non-targeted sequences. The basis of the selectivity is the complementarity of mRNA bases, also referred to as Watson-Crick base pairing interactions. So, the antisense strand is designed based on targeted mRNA sequences and hypothetically. It is possible to treat all kind of genetic disorder through RNAi method once we know the nucleotide sequence of the associated genes. This unlimited capability of antisense-mediated suppression has supported systems for mutating nearly all the known genes of protein production comprised in the human genome at an extensive range. The high specificity may even permit distinguishing between abnormal alleles of a gene which arises dysfunction from the native allele which may differ in just a single or few nucleotide bases. This is obviously helpful for focusing on predominant mutants, as an example in the case of a few oncogenes (Aagaard and Rossi [@CR1]).

Furthermore, certain malignancies such as cancer can result in different etiology such as abnormal chromosomal number, multiple gene mutations, or epigenetic changes (Clark [@CR27]). So, this disease may be significantly different in the case of each patient and requires personalized treatment. Moreover, cases not responding to chemotherapy method due to resistance also may get the advantage of siRNA therapy (Gottesman [@CR48]).

Safe and Cheap Alternative {#Sec6}
--------------------------

The RNAi effector molecule executes the cleaving of mRNA at the later stage of translational gene expression, unlike other antisense molecules. So there is no chance of interaction of siRNA with DNA and thereby deleterious mutation and pre-birth abnormalities due to gene therapy (Xu and Wang [@CR161]). As well as the process is used to synthesized siRNA is easy and cheaper. For the synthesis of RNAi, no any costly instruments and hazardous chemical are used.

Routes of Administration of siRNA {#Sec7}
=================================

There have been various clinical trials reported in RNAi therapy by local and systemic administration of siRNA to various organs such as kidney, eye, liver, and skin which is dictated by the types of cells and tissues at the targeted site. For localized delivery, siRNA can be administered specifically to the skin surface, eye, lungs etc. On the other hand, oral, intravenous (IV) or intraperitoneal (IP) routes of systemic delivery are suitable for those genetic dysfunctions which are not confined to a particular site or not easily amenable to other clinical therapies. But the systemic siRNA administration has many hurdles such as less specificity and bioavailability to the targeted sites, rapid clearance or systemic toxicity (Durcan et al. [@CR41]).

Localized Delivery {#Sec8}
------------------

Administration at the local sites has turned into better and compelling option, permitting the utilization of lower dosages and diminishing the undesirable effects. siRNA specifically administered through different routes such as topically, gastrointestinal tract (GIT), respiratory tract, nervous system, ocular etc. The proficient administration of naked siRNA has been done through the topical application at the anterior chamber or by injecting within the vitreous at the posterior chamber. Particularly as a localized manner, delivery of siRNA to through the topical and ocular surface is easy compared to other organs, tissues, and cells. Continuous progress has been made towards its use as a therapeutic procedure for eye diseases. Currently, certain siRNA-based drugs for topical and ocular defects have passed the preclinical phase and various clinical trials studies are going on (Nguyen et al. [@CR101], [@CR102]; Pañeda [@CR107]).

### Topical Administration {#Sec9}

The skin is the outermost covering of the body with the largest surface area, hence prone to numerous skin diseases including some genetic defects as well such as dermatitis, rheumatoid arthritis, psoriasis, pachyonychia congenital, alopecia areata, melanoma, wounds etc. Topical application is most beneficial for the treatment of these disorders due to easy accessibility at the affected site, decreased systemic side effects, elimination of the first-pass metabolism, thereby decreasing the therapeutic dose. Being a non-invasive and easy-to-administer method, the topical application also enhances patient's compliance to treatment (Prausnitz et al. [@CR114]).

siRNA module has been tried for the treatment of psoriasis which is one of the most common skin disorders and associated with overgrowth in keratinocytes due to declination in apoptosis that makes a plaque in addition to the inflammatory component of the disease. Conventional treatment of psoriasis topically applies corticosteroids, which leads to weight gain, itching dryness, stinging, fluid retention, irritation, hypopigmentation, atrophy, hypertension, and other side effects. It is highly desirable to find drug molecules with fewer side effects. Therefore, targeting the genetic cause i.e. upregulation of the pro-inflammatory cytokines is a more suitable way to treat psoriasis. The overproduction of cytokine can be regulated by suppressing tumor necrosis factor alpha protein. Animal studies show that silencing of gene encoding tumor necrosis factor-alpha resulted in the improvement in the psoriatic lesion.

Another successful example of the clinical utility of siRNA over drugs is observed in the case of allergic contact dermatitis (ACD). Only a short-term treatment with topical corticosteroids and calcineurin inhibitors were available earlier. However, the development of siRNA molecules in recent years has enabled more specific targeting of genetic factors. ACD is genetically characterized by the elevated expression of CD86 in the affected skin area. The reduction of CD86 expression by RNAi silencing decrease the inflammatory response of the immune system and hypersensitivity (Aldawsari et al. [@CR6]).

Despite the above advantages, there are several anatomical barriers due to composition and cellular distribution of the superficial surface of the skin. The outer stratum corneum is impermeable to the therapeutic RNA and acts as a barrier in topical administration (Madison [@CR84]). The issue of low penetration overcome by using carrier systems for delivering which can encapsulate therapeutic siRNA molecule and penetrate through stratum corneum to reach the target site within the dermal layers First, the carrier system should be able to encapsulate or form a complex with siRNA; second, the carrier system must possess the ability to cross the stratum corneum to reach the target cells in the skin. More importantly, the carrier system should be able to bypass endolysosomal degradation before reaching the nucleus to obtain the clinical impact of RNAi after topical application (Aldawsari et al. [@CR6]).

### Ocular Administration {#Sec10}

Ophthalmology is the earliest field where the efficiency of RNAi-based therapeutics was studied through clinical trials. Gene therapy has proven to be most successful in the case of ocular complexities due to certain unique properties. It is an immunogenically-privileged and easily assessable site. Moreover, it is comparatively a distinct part from the rest of the body (Conley and Naash [@CR28]). Hence, the low therapeutic dose is required and the probability of systemic toxicity also confines within the local area by subsequently enabling targeted delivery. Thus, the RNAi method can be employed as a proficient treatment for different visual impairments such as irreversible blindness (Conley and Naash [@CR28]). siRNA-based therapy has introduced advancement to resolve visual impairments results due to age-dependent macular degeneration, glaucoma and photoreceptor degeneration been utilized to distinguish qualities that advance harm in the eye and could be the premise of new medications for some, sicknesses, including glaucoma, age-related macular degeneration, and photoreceptor degeneration (Campochiaro [@CR18]).

For example, major ophthalmic disorders in humans such as anterior ischemic optic neuropathy and glaucoma-related blindness are the consequences of Retinal ganglion cell (RGC) destruction is efficiently treated by intravitreal administration of siRNA. The studies on rat models suggest that loss of RCG is due to cleavage by a caspase-2 nuclease, which is unregulated in case of optic nerve damage. Intravitreal delivery of a chemically-modified synthetic siRNA for inhibiting the expression caspase-2 expression enhanced RGC survival remarkably. The persistence of exogenously delivered siRNA has a longer span of up to a month and a safer RNA interference without prompting interferon-mediated inflammation in the retinal region which is immunogenically-privileged, contrary to the conventional ophthalmic drug formulations which sometimes cause ocular irritation. The trials of RNAi resulted in suppression of caspase-2 enzyme and thus siRNA are clinically proven as the latent neuroprotective component for intervention in ocular diseases concerning to RGC loss (Ahmed et al. [@CR2]).

Despite being a suitable site for targeted siRNA release, few problems have been observed in ocular administration. The first physical barrier is protective viscous fluid secrete by the lacrimal gland and known as tear film. It continually washes of the applied formulation before complete absorption. The second hindrance is produced by conjunctival and corneal epithelial cells which have low penetrability (de la Fuente et al. [@CR34]). Similar hurdle is produced by a blood-retinal barrier (Bodor and Buchwald [@CR16]). Because of the mentioned physiological constraints, ocular administration of interfering RNA suffers from low bioavailability. Therefore, delivery of RNA via ocular site depends on the efficient delivery platform.

### Pulmonary Administration {#Sec11}

Lungs are the most vital organ of the respiratory system and attribute to special morphological features such as large surface area and vascularized structure. These features enable the site-specific administration to lungs through aerosol formulation or intranasal instillation and provide novel methods for curing respiratory related disease (Thomas et al. [@CR141]). Also, siRNA is prevented from degradation by nuclease during pulmonary administration through the respiratory tract. However, there are certain physical hurdles, for example, beating moment of cilia and flow of mucus for clearance of respiratory route epithelial cells and the negatively charged cell membrane surface (Gutbier et al. [@CR53]). These hindrances influence the proficiency of in-vivo delivery of siRNA (Griesenbach et al. [@CR49]). Numerous investigations have examined in spite of the above troubles, the scope of localized administration for site-specific application of siRNA to the organs of the respiratory system. Such investigations discover new medical strategies for major respiratory-associated disorders, for example, influenza, respiratory syncytial infection, cancer and severe acute respiratory syndrome (SARS), atypical mycobacterial infections, lung cancer, respiratory alphaherpesvirus infection, pulmonary fibrosis, asthma, chronic obstructive pulmonary disorder (COPD), emphysema, respiratory syncytial virus (RSV), parainfluenza virus (PIV), rhinoviruses coronavirus (SCV), ischemic reperfusion injury and other endogenously accessible disease in the lungs by confined delivery at peculiar site. Pulmonary administration can be done by inhalation, intranasal route, and intra-tracheal route.

Localized delivery of siRNA in lung disorders provided an alternative when the systemic administration does not efficiently suppress the targeted proteins. Most common example of commercial siRNA formulation with pulmonary administration method is ALN-RSV01, used in case of upper respiratory tract infection which occurs due to the growth of RSV. This formulation acts on the N gene and inhibit the nucleocapsid synthesis in RSV, thereby control the replication of RSV in nasal passages and trachea.

Cystic fibrosis is another genetic disorder which involves the chronic inflammation mediated through IkB/protein complex that is involved in transcriptional regulation of DNA, cytokinesis and cellular development. This protein is produced by cystic fibrosis trans membrane conductance regulator (CFTR) gene and epithelial Na^+^ transporter (ENaC) gene which founds to be mutated in the case of cystic fibrosis. Pulmonary siRNA delivery decreases the expression of epithelial Na^+^ channel (ENaC) gene or down-regulate its activity to normalize the Na^+^-Cl^−^ transport across the cell membrane and prevent the excess mucus release, luminal hydration, pulmonary infection and epithelial cell destruction (Khatri et al. [@CR68]).

### Gastrointestinal Administration {#Sec12}

siRNA particularly could be administered within the gastrointestinal system by means of endoscopic infusion for the treatment of infections. The surface of the GI tract is covered by a layer of fluid called mucus. This viscous fluid stimulates the release of RNAi formulation straightforwardly to its site of activity, thereby eliminating any undesirable effects and systemic toxicity to adjacent tissues and organs (Pellish et al. [@CR111]). Moreover to the application of siRNA for treatment GI-associated diseases, this strategy also has been utilized for illustrating the course of different gastrointestinal infections and the determination of possible targets for RNA interference, for example, tumour necrosis factor alpha (TNF-α) in the case of ulcerative colitis, Crohn's disorder and inflammatory bowel diseases (IBD) (Zhang et al. [@CR169]). IBD earlier treated with infliximab, a chimeric IgG-1 monoclonal antibody against (TNF-α). But these antibodies can trigger anti-antibodies production and elicit immune hypersensitivity. On contrary, localized silencing of TNF-α through siRNA molecules may not trigger any immune response.

Traditional treatment of oesophageal cancer involves aggressive surgical and adjuvant chemoradiation therapy. One common etiology observed in various types of oesophageal malignancies is hyperactivity of Bcl-X~L~, the gene responsible for inhibiting apoptosis. Therefore, by interfering with the Bcl-X~L~ expression via siRNA-based approach, the oesophageal squamous cell cancer line was destructed in the apoptotic programme.

Similar to oesophageal malignancies, pancreatic cancer has a delayed diagnosis and chemotherapy practices. The common reason observed for adenocarcinoma is an elevated level of serine-arginine protein kinases (SRPK) which led to erroneous splicing of pre-mRNA is the causative in certain malignant cancer including pancreatic cancer. Because serine-arginine protein kinases (SRPK) are the class of proteins with a regulatory role in pre-mRNA splicing, and elevation in the expression of SRPK1, trials were done by Hayes et al. utilized SRPK1-specific siRNA to block SRPK1 activity. Consequently, growth in pancreatic and colonic cancer cell lines declined and apoptotic death was much higher as compared to common anticancer drugs such as gemcitabine and cisplatin (Pellish et al. [@CR111]).

### Central Nervous System Administration {#Sec13}

The brain is the most complex organ of the body, not only regarding anatomy and function but also in terms of medical therapies. Due to its complexity contributed by various types of cells and vivid functions, the conventional treatment methods do not prove to be as effective in the case of neuron-associated problems. In this specific situation, therapeutics based on RNAi could identify the genetic basis and comprehend the course of neural disorders as a part of prognosis. Later, it could evaluate the remedial capability of targeted RNAi therapy for silencing genes involved in neurological disorders. For example, PTEN-induced putative kinase 1 (PINK1) is targeted for treatment of Parkinson's disease (Deng et al. [@CR35]); Huntington gene for Huntington's disease (Harper et al. [@CR57]); purinoceptor 3 (P2X3) for neuropathic pain (Dorn et al. [@CR37]) and EGFR for intracranial tumors (Boado [@CR15]). Certain neurodegenerative diseases such as Alzheimer's disease-BACE1 (Singer et al. [@CR131]); amyotrophic lateral sclerosis-SOD1 (Ralph et al. [@CR118]) and other dysfunctions mediated by hypoxic/ischemic events could also be treated through siRNA-mediated silencing. Contrary to the potential specificity of the RNAi method, the efficiency is compromised due to the highly impermeable blood-brain barrier that confines the availability of RNAi-based formulations across the brain from peripheral blood vessels (Cazzin and Ring [@CR21]).

Alzheimer's disease (AD) is a protein misfolding disorder caused by defective extracellular amyloid β-peptide (Aβ) disease and leads to progressive cognitive decline and memory loss. The researcher has found that γ-secretase which cleaves γ-site of the amyloid precursor protein (APP) is a key component that generates Aβ from through sequential proteolytic cleavage events. BACE1 is the gene expressing for γ-secretase, hence the therapeutic siRNA molecule targeting BACE1 considered as a potential gene therapy of AD. Similarly, a targeted decrease in APP expression through the same mechanism also serves the purpose.

Huntington's disease (HD) is another neurodegenerative disease benefited by this new siRNA module. The disease is associated with the upregulation of Huntingtin (Htt) gene, which adds extra polyglutamine stretch in exon1 region of the HTT protein product. This mutant protein type misfolds and forms inclusion bodies. The striated neurons are the most degenerated cell types, hence CNS is severely affected in the case of HD. Silencing mutant Htt mRNA through RNAi the approach has been seen for clinical utilization (Gherardini et al. [@CR46]).

### Vaginal Administration {#Sec14}

The vaginal route is the primary site of invasion for some microbial agents causing infections especially sexually transmitted diseases, cancer, and inflammatory problems. In such instance, the topical administration of RNA-based product is the most ideal approach to anticipate sexually transmitted diseases. This type of application provides benefits of lower therapeutic dose and maximum bioavailability at the site infection (Rossi [@CR123]). Therefore, the studies are on-going in context of targeted-siRNA therapy using identified gene targets such as CCR5 for human immunodeficiency infection (HIV); E6, E7, and Grb10 for cervical tumor and UL-29ANDUL-27 for HSV-2 infection. However, the most usual drawback of vaginal application is patient compliance.

HIV is one of the initial viral diseases, where targeting by RNAi, was effective in treating the viral infection as well apart from genetic disorders. The siRNA molecule developed to target different viral genes including gag, tat, nef, vif, rev and env involved in the viral cycle of HIV. The RNA may also act on host cellular cofactors such as CD4, CXR4, NFkB, and CCR5 as well as reverse transcriptase and control HIV replication effectively.

The vaginal administration has been more successful in case of cervical cancer result due to overexpression of HPV oncogene and triggers unregulated proliferation of cells. Therefore, inhibiting the activity of HPV gene via siRNA is very effective in slowing the proliferation of cancerous cervical cells. The siRNA therapy can specifically target human HPV 16/18 E6/E7 genes which have a significant effect in stopping the multiplication of cervical tumors (Wu et al. [@CR156]).

Systemic Delivery {#Sec15}
-----------------

Comparatively, systemic delivery is more suitable in the clinical situation of blood-borne disorders and malignancies. Thus, the recent researches are more focusing on the alternatives to bring out the systemic delivery of siRNA as a more efficient and safe procedure of gene silencing. The chapter further discusses the role of NCs to overcome the pitfalls of systemic siRNA administration. Various nanoparticles can be used as non-viral vectors to facilitate delivery rather than naked siRNA molecule.

### Oral Administration {#Sec16}

The oral route is the most ideal mode of administration due to patient compliance. Moreover, other benefits such as cost-effectiveness and facile administration by oral route attract attention for drug delivery and are also preferred for local administration of intestinal therapeutics. But the acidic environment of stomach readily degrades the naked oligonucleotide. Therefore, the stable administration via the oral route achieved by nano carrier-mediated delivery (Akhtar [@CR4]).

### Intravenous Administration {#Sec17}

Although IV administration is a successful mode of administration for many drug formulations, it has been observed that the delivery of siRNA by this method is hampered by the very short lifespan kidney filtration, serum protein aggregation and enzymatic degradation of therapeutic RNA after injecting. It has been exhibited in mice, rats, human and other primates that bare siRNAs are rapidly cleared from the body circulation after IV infusion with the half-life as short as a few minutes or approximately 0.5 h also, a large accumulation of therapeutic oligonucleotide occurs in the kidney after IV administration (Huang et al. [@CR60]).

### Intraperitoneal Administration {#Sec18}

In addition to less stability of therapeutic RNA administered through IV route, other common after-effects of repeated IV administration are phlebitis or loss of veins and risk of embolism. In this regard, the IP delivery provides a better option, especially in the case of cancers of ovaries, digestive system, and peritoneum. The IP administration moreover found to have enhanced the in-vivo stability of siRNA and enables administration of a large volume of formulations at low concentrations so as to avoid particle aggregation (Singhania et al. [@CR132]).

Many malignant tumors which arise from the stimulation of nuclear factor-kappa B (NF-kB), for instance, gastric tumor shows poor prognosis and resistance to chemotherapy alone. Thus, NF-kB is a common target for RNA silencing. A study demonstrates efficient intraperitoneal administration of NF-kB p65 siRNA along with a common chemotherapeutic agent (paclitaxel) for treating peritoneal prevailing of gastric tumor. Lower expression of NF-kB p65 expression was observed in western blot analysis and apoptotic destruction of cells transfected with NF-kB p65 siRNA as compared to treatment with paclitaxel alone (Inoue et al. [@CR62]).

Major Hurdles to the Therapeutic Delivery of siRNA {#Sec19}
==================================================

The efficacy of RNA interference may differ for various siRNAs oligonucleotides targeting same mRNA sequence but at distinct nucleotide. Full efficiency of siRNA is not obtained as only some of the delivered siRNAs reach the action site without distortion in mammalian cells and successfully perform cleaving action (Naito and Ui-Tei [@CR99]). Even though, approximately 58--78% of arbitrary siRNAs with non-specific sequences, mediate mRNA silencing with an efficacy more than half of the proficiency (\>50%). Out of this, most of the (90--95%) proficiency is accounted by just 11--18% of the non-specific siRNA oligonucleotides (Chalk et al. [@CR22]).

The decreased efficacy of siRNA may have many causes including instability, unspecific targeting to diseased-cells, and competition with endogenous RNAs, saturation of RNAi/miRNA complex, immune response activation and off-target impact. The problems become more prominent in applying the systemic mode of administration for delivering siRNA which imposes some more disadvantages compared to localized administration. The main problem is to conserve the activity of siRNA during circulation in the systemic blood vessels. The systemic circulation of siRNA is further hindered due to many anatomical and physiological protective barriers present in the human body such as renal filtration, vascular endothelium, extracellular matrix, serum protein aggregation, cellular internalization, phagocytes uptake, endosomal degradation, and RISC loading. siRNA need to overcome these barriers before it reaches its site of action, to exhibit clinically significant impact with considerable proficiency.

Transient Effect {#Sec20}
----------------

RNAi mediated gene silencing can be stimulated by either direct or indirect mechanism. The first involves an RNA-mediated process where an exogenous synthetic siRNAs make a complex with a 21- base pair long duplex. This effector molecule is then targeted towards the specific cell. Meanwhile, the second approach involves an endogenous miRNA-based strategy where the longer RNA hairpin transcripts are processed intracellularly to produce the effector siRNA. While the direct method is more straightforward and efficient for gene cleavage, the impact of externally introduced, synthetically directly generated siRNA is short term. Thus, the synthetic siRNA requires to be administered repeatedly with each dose being expensive and time-consuming. The miRNA-based RNAi drugs, on the contrary, shows high stability and long-time effect. Hence a single treatment is not enough for effective gene therapy (Aagaard and Rossi [@CR1]).

Stability {#Sec21}
---------

Another great pitfall of siRNA is related to the in-vivo stability. The exposed siRNA are liable to hydrolysis in the extracellular compartment due to the action of various enzymes present in serum and target tissues. The half-life of naked siRNAs in serum as reported so far is several minutes up to an hour (Rettig and Behlke [@CR121]). The siRNA molecule structurally contains a ribose sugar backbone. On contrary to a hydrogen atom as in DNA, it is the hydroxyl group at 2′ position of the pentose ring which is targeted by serum nucleases (Czech et al. [@CR31]). These nucleases break the phosphodiester backbone of RNA and degrade this nucleic acid. Thus, it is a challenge to deliver intact siRNA with conserved therapeutic activity through the circulation. Meanwhile, siRNAs must not only survive in the serum but should also reach their target cells in the specific tissues for internalization to occur appropriately and to achieve required RNAi effect (Guo et al. [@CR51]).

Physiological Barriers {#Sec22}
----------------------

As the siRNA administered and introduced into the systemic circulation, its route towards the site of action is obscured by many structural and anatomical defensive barriers (Fig. [3](#Fig3){ref-type="fig"}). The step of the clearance through the kidney and reticuloendothelial system (RES) of other organs such as lung, liver, bone marrow and spleen is the primary obstruction. It entraps all the particles with a diameter larger than 100 nm. Thus, the ideal RNA molecules to bypass renal and RES clearance should have a diameter ranging from 20 to 100 nm approximately. Additionally, therapeutic material within this size range shows an enhanced uptake at tumor sites passively through leaky capillaries of a pore size of 100--800 nm (Song et al. [@CR136]).Fig. 3Barriers to systemic siRNA delivery. (This figure is produced after reprint permission under license no. 4445840089493). (Wang et al. [@CR148])

After passing through the RES, as the siRNA enters the targeted tissue, it is hindered by local barriers present in the extracellular matrix and the layer of endothelial cells. Typically, the endothelial lining of tissues have a pore size from 4.5 to 25 nm, hence the smallest pore can allow particles of 4--5 nm only (Rettig and Behlke [@CR121]). In such circumstances, only naked siRNA molecules or the one conjugated with small molecular ligands easily penetrate through the endothelial cells. Also, the naked or complexed siRNA must squeeze out of the dense extracellular space to reach the surface of the target cell.

Cellular Uptake and Endosomal Engulfing {#Sec23}
---------------------------------------

Even after bypassing the nuclease activity in serum and extracellular matrix, the RNAi pathway still hindered by various obstacles. After reaching proximity to the target cells, uptake of siRNA by the target cells is also crucial, prior the therapeutic RNA can perform their gene silencing function. The exposed siRNA molecule being negatively charged and large, constrain its own passage through the cell membrane and anticipates aggregation inside the cell.

The second barrier to overcome is endolysosomal compartments within the cytoplasmic space. These vesicles also contain various intracellular RNAase which may degrade the siRNA molecule once internalized i.e. endosomal engulfing. Strategies for designing and delivering siRNA are therefore essential for enabling endocytosis and subsequent endosomal escape of siRNA molecule. Additionally, siRNAs being susceptible to hydrolysis by endosomal nuclease enzymes can be incorporated into RISC with improved efficacy, and to compel the clinical utility (Gavrilov and Saltzman [@CR44]).

Off-Target Effect {#Sec24}
-----------------

Recent studies conducted by Birmingham et al. ([@CR14]), Mouldy ([@CR98]), and Wilson and Doudna. ([@CR153]) have shown that the specificity of RNAi is sometimes compromised. The evidence from these studies shows that most siRNA molecules are probably not as specific as it was presumed and that siRNA treatment can bring about off-target gene silencing. The off-target effect refers to the suppression of genetic region other than the causative gene target. Such a phenomenon may produce undesirable genetic alteration and cellular dysfunction. The most common reason of "off-target" silencing is the seed region of the siRNA sequence. This region is characterized by partial homology of 6--7 nucleotide long sequence particularly inside the 3′ untranslated sequence (3′UTR) which bound with a different mRNAs rather than the desired target mRNA (Birmingham et al. [@CR14]). In the condition, a seed region siRNA acquiring complementarity with certain regulatory miRNAs may distort the gene expression (Mouldy [@CR98]). Moreover, failure of discrimination between the guide strand and the passenger strand by RISC may prompt the chances of complementary interaction between siRNA and non-targeted mRNA. The off-target effect can also arise as an after effect of the immune activation. RNA if perceived by immunoreceptors sometimes, such as Toll-like receptors (TLRs) and trigger signalling biomolecules such as cytokines which may alter gene expression (Wilson and Doudna [@CR153]).

Off-target cleavage can't be overlooked as it prompts adverse mutations at the genetic level and results in unexpected consequences. Thus, the selection and sequencing of candidate siRNAs should be done specifically. Two basic processes can be followed for determining the potent RNAi sequence specific to the targeted gene. Predictive bioinformatic approaches implemented at the initial stage of siRNA to develop the most suitable sequences of the siRNA molecule. Later, exclusive trials on all potent therapeutic siRNA sequences should be performed to observe normal protein expression profiles. Any inadvertent off-target effect may result in an abnormal interpretation of data and potential toxicity.

Saturation of RNAi Machinery {#Sec25}
----------------------------

The bioactive material is usually analogues to the cellular biomolecules and works similarly to the in-vivo biomolecules. Externally delivered therapeutic siRNAs almost resembles intrinsic siRNAs and depend on the endogenous machinery for inducing RNA interference. Hence, there are significant risks of saturating such pathways and hence disturb the native biological systems that based on cellular processing to execute their role.

Stimulation of Immune System by siRNAs {#Sec26}
--------------------------------------

While in general, the active immune mechanism serves for defence mechanism and is advantageous. However, sometimes, it evokes undesired immune sensitization, which may lead to adverse effects (Marques and Williams [@CR88]). The siRNA might be discriminated as a foreign particle through various defence mechanisms and components of the immune system. For example, siRNA may be recognized by cytoplasmic and endosomal Toll-like receptors expressed on the surface of different immunocompetent cells. Consequently, the release of cytokines and type-I interferon generates inflammatory reactions. The immune stimulation property of siRNA is directly related to its size. siRNA oligonucleotide up to 30 base pairs usually doesn't confer cytotoxicity. A cell could safely be transfected with 30-nucleotide bp longer dsDNA without any cellular toxicity. On contrary, longer RNA strands elicit an immune response as it bounds to either TLRs or to certain enzymes such as 2′,5′-oligoadenylate synthetase-RNase L or protein kinase to trigger interferon. There are specific GU-rich motifs which are actually determined by TLR7, refer as "danger motif". For example, in the endosome vesicle of plasmacytoid dendritic cells 5′-GUCCUUCAA-3′ sequence is recognized by the TLR7 and stimulates innate mechanisms to release inflammatory cytokines further. Another example is of TLR9 activity is countering CpG motifs in antisense oligonucleotides. Thus the immune actions can be controlled by mode of delivery and passage across various intracellular compartments of the siRNA. RNA oligonucleotides larger than 27--29 base pairs and highly potent Dicer substrates siRNAs need to be safely administered and monitored for immunogenic side-effects (Rose et al. [@CR122]).

Overcoming the Hurdles to siRNA Delivery Using Nanocarriers {#Sec27}
===========================================================

To overcome the above-discussed therapeutics hurdles, and to achieve efficient and potent systemic delivery of unstable siRNA, several methods have been developed that can increase the stability in serum, improve in-vivo delivery and efficacy of gene silencing tendency. Some of them are-(i)Designing artificially chemically modified siRNA structures which are prepared by substituting various molecules or atoms at different positions for examples-substituting phosphodiester (PO~4~) linkages with phosphorothioate (PS) at the 3′-end, or introducing the new molecules that resist the enzymatic degradation like adding O-methyl (2′-O-Me), fluoro (2′-F) groups or methoxyethyl (2′-O-MOE) group significantly prolonged circulation half-life in systemic route and improved RNAi efficiency (Czauderna [@CR30]; Chiu and Rana [@CR25]).(ii)By complexation with a molecule or carrier, for example, the cholesterol-siRNA complex. The cholesterol-siRNA complexes improve pharmacokinetics (increases half-life of siRNA) (Wolfrum et al. [@CR155]).(iii)By encapsulating siRNA in a carrier such as viral vectors. Various natural viral vectors have already in use for systemic transport of siRNA to treat various carcinomas. Jung et al. used an adenoviral vector encoding siRNA significantly suppressed the outgrowth of the pituitary tumor by transforming gene overexpressed in both in-vivo and in-vitro hepatocellular carcinoma cells (Jung et al. [@CR67]). Sabbioni et al. ([@CR124]) showed type 1-based amplicon vectors that based on herpes simplex virus, inhibited in-vivo tumor formation of human polyomavirus BK-transformed cells (pRPc cells) (Sabbioni et al. [@CR124]).Even though the above-mentioned methods have several advantages and provide a good platform to improve delivery of naked siRNA. However, the frequent application of these methods is limited because they are also having numerous drawbacks such as safety issues (insertion mutagenesis and immunogenicity) low loading efficiency and only laboratory/small-scale production. Furthermore, siRNA is more liable to nuclease degradation than circular plasmids. Therefore, we need a stable delivery system to improve the systemic delivery of siRNA.

Now a day, an alternative approach, synthesis of nonviral vectors (synthetic carriers) is inflowing to resolve or reduce these drawbacks and to enhance in-vivo siRNA delivery. Nonviral vectors have various sizes, shapes, dimensions, and consist of different biocompatible and biodegradable materials. These carriers can load or entrap the high amount of siRNA and shielding from various hurdles or barriers such as rapid elimination, enzymatic degradation, reduced potency in-vitro and in-vivo both etc. Currently, different dimensions, shapes, nanosized (at least one dimension \<100 nm) nonviral vectors are applied for the systemic delivery of genes, drugs, or co-delivery of both genes and drugs together. These nanosized, nonviral vectors enhance pharmacokinetics (increase half-life) with EPR (enhanced permeability and retention) effect, decrease rapid renal filtration/clearance, and protect from extracellular enzymatic degradation and support in escape from endosomes intracellular. These NCs have some beneficial properties like high biocompatibility, non-immunogenicity etc. Polymer, lipid-based nanomicelles liposomes, and dendrimers are mostly used nonviral NCs.

The Aid of Nanocarriers for siRNA Delivery {#Sec28}
==========================================

Enhanced Blood Retention Time {#Sec29}
-----------------------------

The size of naked siRNAs is about 7 in length (Hansen et al. [@CR56]; Smith et al. [@CR133]) and 2 nm in diameter (Sinden et al. [@CR130]) and with a molecular weight of about 13 kDa (Whitehead et al. [@CR152]). The kidney is made up of numerous glomeruli, and the main function of glomeruli is the natural filtration barrier of undesired by-products in the blood. The size of pore the glomeruli membrane is approximately 8 nm (Wartiovaara et al. [@CR150]). Any molecules that have a molecular weight and a size below 50 kDa and 8 nm, respectively are typically rapidly expelled from the kidney (Rappaport et al. [@CR119]). After systemic delivery, siRNA is rapidly expelled out from the body system through either renal clearance and filtration through the renal system or the entrapment in the RES in the liver, spleen, lungs and bone marrow. For increasing the retention time of siRNA in the body, siRNA is entrapped indifferent NCs that have the size range between 20 and 100 nm in diameter. This optimal size range helps to avoid potency for avoiding both renal clearance and RES entrapment and allows NCs to remain in the circulation for a longer period and to increase the rate of intracellular penetration in tumor cells and tissues via passive targeting (Jang et al. [@CR64]; Pecot et al. [@CR110]).

Enhanced Stability and Cell Penetration Property {#Sec30}
------------------------------------------------

The specific physiochemical properties of naked siRNA are their anionic charge due to the presence of phosphate groups in the structure and hydrophilicity. As the plasma membrane is made up of lipid bilayers, it is lipophilic in nature and having anionic charge. Therefore, the intracellular penetration of siRNA across the plasma membrane is quite limited by passive transportation due to the electrostatic repulsion. When the siRNA is administrated in the bloodstream, it is immediately covered by a major component of blood plasma protein i.e. serum albumin and initiates our immune system to engulf albumin coated siRNA by phagocytes NCs entraps or covered the siRNA, avoid the engulfment by the phagocytes cells and increase the cell penetration of siRNA. Polycationic (positively charged) NCs are the best suited for high siRNA loading, shielding from degradation during bloodstream circulation, and systemic delivery of siRNA, especially to metastatic tumors. The most commonly used polymers are polyethyleneimine (PEI) (Illum and Davis [@CR61]; Norman et al. [@CR106]). According to Bonnet et al. ([@CR17]) linear PEI-siRNA (lPEI/siRNA) conjugate showed better cytocompatibility and non-immunogenic than branched PEI-siRNA (bPEI/siRNA) conjugate (Bonnet et al. [@CR17]). However, the NCs that are prepared from a single PEI polymer is not stable during systemic delivery of siRNA and agglomerate in the bloodstream due to slat medium and serum protein. The prominent solution to overcome the problem is to use a copolymer/mixed polymer (di or triblock copolymers) which are more stable, for example, PEI can be mixed with poly (ethylene glycol) (PEG) to prepare a PEGylated PEI/siRNA. PEG polymer covers at the outside of the PEI/siRNA conjugate by forming a hydrophilic layer that sufficiently reduces the agglomeration tendency of NCs with increased EPR effect (Malek et al. [@CR86]; Merkel et al. [@CR93]). Kim et al. ([@CR69]) prepared mannosylated and pegylated polyethyleneimine/siRNA (PEI-PEG-MAN/siRNA) polyplex NCs with an approximate size of 357.33 nm for increased cellular uptake of siRNA. In this conjugate, PEI entrapped a high amount of negatively charged siRNA, PEG provided outer stable hydrophilic membrane, and mannose was used as a cell binding ligand for macrophages (Kim et al. [@CR69]).

Some other polycationic peptides, like poly-histidine polymers, and lipids NCs have also used for the systemic and improved delivery of siRNA (Midoux et al. [@CR94]).

Site-Specific Delivery {#Sec31}
----------------------

Although after entrapment of siRNA by different positively charged NCs enhance the therapeutic efficacy of siRNA, the delivery systems are not enough to deliver a high amount of siRNA to the specified tissues/cells by passive diffusion transport. Due to this, NCs are not capable to differentiate infected (cancer) cells from normal/healthy cells. Also, positively charged NCs agglomerate in different cell media and biological fluids. To increase the concentration of siRNA on the targeted site, the nanocarriers-mediated targeted delivery system is a new and novel approach to increase the therapeutic efficacy of siRNA. Receptor-mediated endocytosis is an active transport system that improves the rate of cellular uptake of siRNA loaded NCs. The active, targeted transport system can be achieved by surface modification of NCs using different targeting ligands. These specific ligands bind to a site-specific receptor which is overexpressed on targeted cells and tissues (Li et al. [@CR75]; Akinc et al. [@CR5]). Examples of some commonly used ligands are (poly)saccharides, (Zhang et al. [@CR170]) vitamins, (Duan et al. [@CR40]) antibodies, (Gu et al. [@CR50]) peptides, aptamers, transferrin (Tf) etc.

pH-Sensitive Trigger Release {#Sec32}
----------------------------

The development of pH-sensitive NCs is the most commonly used approach to improve delivery of siRNA after systemic administration, especially in cancer. The pH of blood, extracellular matrix and fluid are mildly basic (pH ∼7.4), whereas the pH of the intracellular compartment is 6.8. However, cancer cells have even more acidic (pH 4--6) for both extracellularly and intracellularly, caused by the higher rate of glycolysis and tendency to produce higher CO~2~ and lactic acid. High lactate levels indicate metastases, tumor recurrence, and prognosis in some cancer patients. Basically, there are three different materials are used to develop pH-sensitive NCs: protonizable, acid-labile, and destabilizing compounds (Torchilin [@CR142]; Sawant and Torchilin [@CR127]).

Poly(2-(diisopropylamino)ethyl methacrylate) (PDPA) is a smart polymer, that is used to form NCs. These NCs bypass the endosomal compartment and improve the efficacy of siRNA delivery (Qian and Berkland [@CR115]). It is a pH-sensitive polymer that is hydrophobic in nature at neutral and physiological pH medium. However, in mild acidic medium (pH \<6.2) it changes from hydrophobic to hydrophilic in nature (Licciardi et al. [@CR78]). This polymer can easily encapsulate the desired amount of siRNA and shield the siRNA from enzymatic degradation at physiological pH. The encapsulated siRNA is released in the cytoplasm after dissociation of NCs in early endosomes or lysosomes (pH \<6) via protonation of the PDPA and display an outstanding 'proton sponge' effect (PSE) due to tertiary amines at the terminal surface (Yu et al. [@CR166]).

Numerous NCs have been developed that are stable at blood pH and give the protection of siRNA during circulation in the bloodstream but they degrade at low pH in tumor tissue environment and release the siRNA (Kim et al. [@CR69]).

PSE is the effect that is used for protecting the degradation of therapeutics agents loaded NCs from different cell organelles such as early endosome and lysosome using various aminated polymers like PDPA, PEI, (Benjaminsen et al. [@CR11]) poly-L-Lysine (PLL) etc. These polymers are destroyed to cell organelles upon acidification in low or acidic pH and safely deliver the genetic material in the nucleus. The PSE produces from numerous slightly basic cojugates (between pH 5 and 6), promoting proton (H^+^) absorption in cellular organelles with lower pH and an osmotic pressure generated around the organelle membrane. Due to the generation of osmotic pressure, acidic endosome burst and release the materials into the cytoplasm. The advantage of the PSE is that we could easily control this effect by partially altering the groups from carboxylic acid (-COOH) to tertiary (3°) amines. Whenever both the functional groups are attached on the surface of NCs, form electrostatic and steric interactions that are extremely reactive to the acidic organelles and siRNA is appropriately attached and cellular entry (Yezhelyev et al. [@CR163]).

Avoid Intracellular Endosomal Engulfing {#Sec33}
---------------------------------------

As discussed earlier, naked siRNA cannot efficiently across the plasma membrane due to unfavorable physicochemical properties of siRNAs. A very less amount of siRNA is passed through from the semi-permeable plasma membrane. After the intracellular delivery, siRNA is less stable in the bloodstream and has a very less half-life (\<5 min) due to rapid enzymatic degradation by endogenous serum nucleases (Tseng et al. [@CR143]). The intracellular trafficking of siRNAs starts in early endosomal vesicles where siRNA fuse with sorting endosomes and finally transfer their contents to the late endosomes. A high amount of siRNA is entrapped by the late endosomes and lysosomes and very less amount of siRNA is reached into the cytoplasm to come into play regardless of the release mechanism. To avoid the rapid degradation and shielding from engulfing by the late endosomes and lysosomes, various NCs have been developed to shield the naked siRNA such as cationic lipid, (Lu et al. [@CR82]) polymers and di or triblock copolymers NCs, (Qian and Berkland [@CR115]) nanomicelles (Zhou et al. [@CR172]) etc.

Classification of Nanocarriers Used for Systemic Delivery of siRNA {#Sec34}
==================================================================

The NC that is applied to shield and to improve in-vitro and in-vivo delivery of siRNA must be safe and non-toxic for human health because they come in direct contact with humans. Naturally obtained molecules are safer as compared to chemically synthesized molecules. Because of the synthesis of NCs several hard acids and bases, and others hazardous chemical are used. These acids and hazardous chemicals give several toxic effects on human health and the environment also. Mostly NCs have the diameter \>100 nm. However, the long chain polymeric NCs can have the diameter \>500 nm. NCs developed for the systemic delivery of siRNA can be broadly classified into three different types:

Organic Nanocarriers {#Sec35}
--------------------

Organic nanocarriers (ONCs) are prepared from natural or synthetic organic molecules and the mixture of both. ONCs are typically soft, biocompatible, biodegradable, less toxic, non-immunogenic, highly stable, and can shield the siRNA. From the last few decades, several scientists and researchers have already used numerous organic NCs for protecting the drugs and nucleic acids from the harsh environment, enzymatic degradation and blood plasma proteins during systemic circulation inside the body. The most commonly used ONCs are nanomicelles, liposomes, polymeric nanoparticles, dendrimers, and carbon nanomaterials (graphene oxide sheets, nanotubes, spherical shape fullerene). These NCs have some additional benefits. The synthesis procedures for ONCs are quite easy and they can encapsulate more drugs or nucleic acids molecules with a controlled delivery. The surfaces of ONCs can be simply decorated with targeting biomolecules to develop targeted carrier systems. These advantages make ONCs the most appealing systems for drugs and genes delivery and other biomedical applications.

### Polymeric Nanocarriers/Polyplexes {#Sec36}

Currently, several natural and synthetic polymeric nanocarriers (PNCs) (Fig. [4c](#Fig4){ref-type="fig"}) offers a great platform to deliver drugs and gene with improved efficacy. These polymers are highly biocompatible, biodegradable, non-toxic in nature and have outstanding controlled release character. Generally, PNCs are cationic, anionic and non-ionic in nature. The polycationic polymer has emerged as one of the most promising candidates for developing efficient gene delivery vector.Fig. 4Schematic illustration of various nanocarriers

Polymers can be broadly classified into two-types based on their sources: natural and synthetic. The most commonly used natural polymer is chitosan (CS), poly(lactic acid-co-glycolic acid) (PLGA), (Zhou et al. [@CR171]) atelocollagen, (Minakuchi et al. [@CR95]) inulin (Cavallaro et al. [@CR71]). CS is a linear, natural, cationic, FDA (Food and Drug Administration) approved polysaccharide (a long chain of monosaccharide carbohydrate) co-block polymer of glucosamine and N-acetylated glucosamine. Polymer and has been used for both in-vitro and in-vivo systemic delivery of siRNA because it has nontoxicity, biocompatibility, and biodegradability properties (Malhotra et al. [@CR87]; Vauthier et al. [@CR146]). Currently, CS is the highly used polysaccharide polymer for delivering of therapeutic agents (drugs and genetic agents) due to its high permeability capability across the semipermeable cell membrane (des Rieux et al. [@CR36]). In one of the study, prepared an novel amino acid-functionalized Arg-Gly-Asp (RGD)-chitosan nanoparticle (RGD-CHNP) that significantly increased selective intratumoral delivery of siRNA for regulation of many growth-promoting genes (PLXDC1, FAK, and POSTN) accompanied by therapeutic efficacy in the A2780, HeyA8, and SKOV3ip1 orthotopic animal studies of ovarian cancer models (Han et al. [@CR55]). Besides natural polymers, several biocompatible, biodegradable, non-toxic synthetic PNCs have also been used for systemic delivery of siRNA such as PLL (Cun et al. [@CR29]), PEI (Nimesh and Chandra [@CR103]), PEG, dimethylamino ethyl methacrylate, polyfluorene, and cyclodextrin-based polycations. These polymers are linear and branched and similarly the efficient way to shield and efficient delivery of siRNA. Both types of PNCs can encapsulate a high amount of siRNA and deliver it via the passive route. For increasing the delivery concentration of siRNA on specific infected cells/tissues by escaping the normal cells and tissues, different actively targeted molecules are attached to the surfaces of PNCs (Table [1](#Tab1){ref-type="table"}).Table 1Application of various polymeric nanoparticles for systemic delivery of siRNANanocarriersShapeSizeζ (mV)Targeted/siRNA moleculeCell linesType of studyAidReferencesPLGA-PLL-PEGSpherical∼150 nm--iRGDHEK293T and A549In-vitroTargeted delivery, controlled release, enhanced siRNA potency, endosomal escapeZhou et al. ([@CR171])PEI-HYDSpherical150--250 nmLow or neutral surface charge (±10 mV)CGRGDS peptides/siAldh1a2HUVECs cellsIn-vitro, in-vivoSite-specific deliveryWang et al. ([@CR149])PLGASpherical218.3--257.9 nm−45.5 to −37.5 mV--H1299In-vitroHigh encapsulation efficiency (∼70%), sustained release, highly stable, protection from nuclease degradationCun et al. ([@CR29])Chitosan-mPEGSpherical263.6 ± 13.5 nm−7.59 ± 0.94 mVCP15Mouse xenograft model of colorectal cancerIn-vivoTargeted delivery, enhanced cell permeability, and enhanced retention time in bloodMalhotra et al. ([@CR87])*PLGA* Poly (DL-lactic-co-glycolic acid), *PLL* Poly-l-lysine, *PEI-HYD* Polyethyleneimine modified with hydrazide groups, *HUVECs* human umbilical vein endothelial cells, A549- human lung cancer, H1299- human non-small cell lung carcinoma cell line

### Nanomicelles-Based Delivery {#Sec37}

The term "micelles" was given by McBain in 1913. Micelles are formed by supramolecular self-assembly of surfactants, lipids, aqueous insoluble polymers (Euliss et al. [@CR42]). Amphiphilic molecules are the molecules that have hydrophobic nonpolar "tail" at one end and hydrophilic polar "head" to the other end (Fig. [4b](#Fig4){ref-type="fig"}). Micelles are the colloidal suspension of the amphiphilic molecules. When amphiphilic molecules are mixed in the aqueous medium, the nonpolar hydrophobic tail is arranged inside the molecules and letting the polar side i.e. "head" to remain an outer side in direct contact with the aqueous medium and a hollow spherical or cylindrical structure is formed by the process of self -assembly. For example, Cao et al. ([@CR19]) mixed cationic PCL and PEI which self-assembled, forming biodegradable micelles. These micelles were utilized to carry anti-apoptotic Bcl-2 specific siRNA and along with an anti-cancer drug, docetaxel (DOX). Further, folic acid was surface-conjugated as a targeting ligand for hepatic cancer cells. This nano-assembly simultaneous delivered drug and siRNA to yield a combined RNAi-chemotherapeutic benefit against hepatic cancer (Cao et al. [@CR19]). Similarly, Zhu et al. ([@CR173]) synthesized PEG-pp-PEI-PE nanomicelles for the delivery of siRNA against survivin or GFP along with paclitaxel (PTX). Efficient down-regulation of GFP gene and survivin were observed in PTX-resistant non-small cell lung cancer cells after the micelles-mediated siRNA delivery compared to free drug (Zhu et al. [@CR173]). In another study, prepared a PEGylated PEI-siRNA micellar nanoparticles that shown high entrapment efficiency and long-term blood circulation of siRNA loaded nanoparticles with reduced aggregation, opsonization, and inflammation response. In this study, polycationic PEI was used for high loading capacity of negatively charged siRNA and PEG was used for others advantages (Wu et al. [@CR158]) (Table [2](#Tab2){ref-type="table"}).Table 2Application of various lipid-based nanocarriers/lipoplexes for systemic delivery of siRNALipid-based NPsShapeSizeζ (mV)Targeted moleculeCell linesType of studyAidReferencesDOPE, DOTMA, DPPE-PEG 2000Spherical112--122 nm42--56 mVTargeting peptides (Y, ME27)BALB/c adult miceIn-vivoReceptor-mediated targeted deliveryYu-Wai-Man et al. ([@CR167])AtuFECT01Spherical117.8 nm46.4 mVAnti-CD31 antibodyHeLa cell and heart, lung, liver, spleen of miceIn-vitro and In-vivoTargeted delivery, stable in the bloodstreamSantel et al. ([@CR126])Toc-siRNASpherical----Hepa 1--6 cells mice liverIn-vivoImproved stability and cleaving efficiency of siRNA, targeted delivery, no side effectsNishina et al. ([@CR104])DLinDAP, DLinDMA, DLinKDMA, or DLinKC2-DMASpherical75--85 nmRaw 264.7 cellsIn-vitroLin et al. ([@CR79])*DOPE* 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, *DOTMA* 1,2-di-O-octadecenyl-3-trimethylammonium propane, *DPPE-PEG 2000* 1,2-dipalmitoyl-*sn-*glycero-3-phosphoethanolamine N-\[methoxy(polyethylene glycol)-2000\], *HTFs* Primary human Tenon's fibroblasts, *DLinKC2-DMA* 2,2-dilinoleyl-4-(2-dimethylaminoethyl)- \[1,3\]-dioxolane, *DLinKDMA* 2,2-dilinoleyl-4-dimethylaminomethyl-\[1,3\]-dioxolane, *DLinDAP* 1,2-dilinoleyloxy-3-dimethylaminopropane, *DLinDAP* 1,2-dilinoleoyl-3-dimethylaminopropane, *α Toc-siRNA* α-tocopherol (vitamin E)- siRNA, *GFP* green fluorescent protein

### Carbon-Based Nanomaterials {#Sec38}

Carbon nanomaterials (CNMs) are synthesized from allotropes of carbon such as graphene, graphene oxide (GO), nanotubes, fullerene. For example, a study conducted by Varkouhi et al. ([@CR145]), carbon nanotubes functionalized with PEI and pyridinium were explored for siRNA delivery. Both functionalized cationic CNTs complexed anionic siRNA and provide the silencing efficiency of 10--30% and 10--60% of cytotoxicity (Varkouhi et al. [@CR145]). Another study by Ren et al. ([@CR120]) was done to prepare and characterize a GO-based carrier, surface-functionalized with PLL and Arg-Gly-Asp-Ser oligonucleotides to actively target tumors, These nanocarriers were then used for loading VEGF-siRNA and observed to perform a slow and sustained release of siRNA along with low toxicity as compared to bare GO (Ren et al. [@CR120]).

Figure [4d](#Fig4){ref-type="fig"} showed the two-dimensional, sheet-like GO structure that has numerous oxygen groups like carboxylic acids, hydroxyl, epoxy, and alkoxy on its edges and both side of surfaces. The average thickness of GO is about 1--2 nm and length/width is between 50 and 200 nm depending on the biomedical application. GO has a high surface area and capability of holding molecules on both sides of sheets due to this GO has high loading capacity.

Carbon nanotubes (CNTs) are hollow one-dimension nanostructures. The CNTs may be cylindrical, tubular or needle in shape. Depending on the number of layers/walls, CNTs are of three-types: single-walled carbon nanotubes (SWCNTs), double-walled carbon nanotubes (DWCNTs) and multi-walled carbon nanotubes (MWCNTs). The typical thickness of SWCNTs is about 0.4--1 nm and that of DWCNTs is 1.4--20 nm (Schedin et al. [@CR128]; Bae et al. [@CR9]). MWCNTs are 20--100 nm thick (Bartelmess et al. [@CR10]) and 50--500 nm in length.

Fullerene has zero-dimensional foot-ball like hollow structure with a diameter below 100 nm. Fullerene has a different number of carbon atoms on its structure like C~60~, C~70~ etc. C~60~ is the most commonly used fullerene, having 60 carbons in its structure and is composed of 20 hexagonal rings and 12 pentagonal rings and is called as Buckyballs.

Pristine CNMs are less biocompatible and have less siRNA loading capacity due to electrostatic repulsion between them. CNMs are modified or coated with several cationic polymers like PEG, PEI, chitosan, PAH (Poly (allylamine hydrochloride)), PLGA (Poly (lactic acid-co-glycolic acid)) are the frequently used polymers. After modification or coating with the polymer, CNMs can hold a high concentration of siRNA due to the simple electrostatic attraction between of them. For improved delivery of siRNA, polymer coated CNMs are further modified with suitable ligands (Table [3](#Tab3){ref-type="table"})Table 3Various carbon nanomaterials used for systemic and targeted delivery of siRNAType of CNMsShape and dimensionGrafted polymersTargeted receptor and moleculesiRNA-moleculeCell linesType of studyType of therapiesAidReferencesGraphene Oxide (GO)Sheet and 2DPEG and PAHFolate receptor and folic acidHistone deacetylase 1 (HDAC1) and K-Ras siRNAsMIA PaCa-2In-vivoPhotothermal and gene therapy bothNon-toxic, targeted gene therapy and photothermal effectsYin et al. ([@CR164])PEG and PEIFolic acidMCF-7/ADR cellsMC3T3-E1In-vitroPhotothermal, chemotherapy, and gene therapy bothOvercome drug-resistant cancer cell, high siRNA loading, targeted deliveryZeng et al. ([@CR168])SWCNTsCylindrical/tube like and 1DPEIAptamer and piperazineMCF-7 and MDA-MB-231In-vitroGene therapyBiocompatible, load high amount, targeted deliveryMohammadi et al. ([@CR97])TPFE- fullereneSpherical and 0DTLR4 and EGFPsiGFP and siNEGMice lungIn-vivoTargeted lung deliveryEasily accumulation and clearance from the lungMinami et al. ([@CR96])*PAH* Poly(allylamine hydrochloride), *PEG* Polyethylene glycol, *0D* Zero Dimension, *1D* One Dimension, *2D* Two Dimension, *EGFP* enhanced green fluorescent protein, *TLR4*- mouse toll-like receptor 4, *TPFE* tetra(piperazino)fullerene epoxide, *MC3T3-E1* murine osteoblast cell line, *MIA PaCa-2* Pancreatic cancer cells

### Liposomes/Lipoplexes {#Sec39}

Liposomes are well-ordered, self-assembled vesicles of amphiphilic lipids molecules that form a minute spherical shape nanoparticles having single-lamellar or multi-lamellar lipid bilayer structure of phospholipid molecules that have aqueous medium inside used to encapsulation and deliver drugs or genetic materials into a cell (Fig. [4a](#Fig4){ref-type="fig"}) (Akbarzadeh et al. [@CR3]). Liposomes are highly biocompatible and biodegradable, small size, vesicles of amphiphilic lipid with the high surface area-to-volume ratio. They have some superior physiochemical properties like increased rate of biological membrane permeability, the flexibility of functionalization, tuning of surface charge. These properties make liposomes a better nanoformulation to deliver drugs and genes than others NCs and also have been successfully applied in the clinic (Hatakeyama et al. [@CR58]). Polycationic liposomes as building blocks to entrap of negatively charged siRNA through electrostatic interactions and form lipid complexes systems called lipoplexes (Wolff and Rozema [@CR154]). So far, many liposomal formulations had got the FDA approval and many more are currently in development or in clinical trials enabling features such as stable circulation and tumor-specific targeting versions of siRNA-liposome carriers (Noble et al. [@CR105]; Drummond et al. [@CR39]; Patil and Jadhav [@CR108]). Liposomal NCs can be divided into four main types based on their physical structures- nucleic-acid-lipid particles, lipoplexes, lipopolyplexes, and membrane/core nanoparticles.

Lipoplexes are composed of several bilayer of lipids in spherical form and siRNAs are entrapped between the consecutive lipid bilayers. Stable nucleic-acid-lipid particles have the outer surface is almost neutral but inner surface are highly positively charged due to this inner positive charge siRNAs are entrapped in the interior of liposomes. Only pH-sensitive lipid can be synthesized by these types of liposomes. These liposomes showed cationic behaviour at acidic pH (pH-4.0) and no-ionic behaviour at neutral pH (pH-7.4). Lipopolyplexes are synthesized by coating the liposomes from oppositely charged polymers. If lipid NCs has cationic charged then they are coated with anionic charged polymers and vice versa. A membrane/core NCs has some different structure than other liposomes NCs. This type of NCs is similar core-shell-like entities in which single or multiple inorganic NPs are embedded in the core and surrounded by a lipid bilayer form as the outer shell (Xia et al. [@CR159]).

Landen et al. ([@CR72]) siRNA was encapsulated into 1,2-dioleoylsn-glycero-3-phosphatidylcholine (DOPC, a neutral lipid) lipid NCs and this NCs were decorated with EphA2 (oncoprotein, a targeting ligand) for improved systemic siRNA delivery. These liposomal NCs was tested on two different orthotopic mouse model ovarian malignant cell types HeyA8 and SKOV3ip1. EphA2-siRNA-DOPC NCs have significantly reduced the tumor growth compared to non-silencing siRNA. Whenever paclitaxel was also loaded on this NCs conjugate the cancer cell growth was drastically decreased on comparison to individual chemotherapy with paclitaxel and RNAi therapy with a non-silencing siRNA (Landen et al. [@CR72]).

### Dendrimers {#Sec40}

Dendrimers are the nanosized, spherical, monodispersed, highly branched, three-dimensional, synthetic macromolecules. A typical dendrimer molecule is composed of three structural regions: *the innermost core*, comprising of atomic or molecular entity with at least two identical functional groups; *branching generations* with inner cavities, and *specific functional groups* present on the surface (Fig. [4e](#Fig4){ref-type="fig"}) (Verma et al. [@CR147]; Pooja et al. [@CR113]). Numerous functional groups (-COOH or -OH) are suitable for the attachment of various ligands that makes it more suitable for targeted delivery of therapeutic agents. Dendrimers are made up of repeated branching unit and form a shell of either same groups and different groups, this shell is known as generation "G" (Kulhari et al. [@CR70]). When are mixed with dendrimers known as dendriplexes. Presently, dendrimers are used for the delivery of several hydrophobic and hydrophilic drugs, genes, bioimaging agents (Table [4](#Tab4){ref-type="table"}).Table 4Application of dendrimers for systemic delivery of siRNADendrimersGeneration (G)Hybridized withTargeted moleculesiRNA typeCell typeType of studyAidReferencesPAMAMG~4~Dodecylated--Bcl-2 siRNAHeLa and MDA-MB231 cellsIn-vitroPolymer G4-23C12 [successfully transport]{.ul} siRNA, reduced Bcl-2 mRNA, and protein expressionsChang et al. ([@CR23])G~5~PEGPeptides- B6 (TfR targeted), GE11 (EGFR targeted)--HeLa and LS174T cellsIn-vitroTwo cell lines targeted using two targeting ligands, low toxicityUrbiola et al. ([@CR144])G~5~TEA-core--Sticky siRNAPC-3In-vitroHigh siRNA silencing, endosomal escape promotersLiu et al. ([@CR81])PPIG~5~Dithiol containing PEGLHRH peptide--Negative SKOV-3 and positive A2780 and A549In-vitroHigh lateral and steric stability in the blood environment, targeted deliveryTaratula et al. ([@CR139])Dendritic (PLL-KG6)G~6~si--ApoBLiverIn-vivoMonodispersed structure, high plasmid DNA transfection ability, low cytotoxicityWatanabe et al. ([@CR151])*α-CDE* α-cyclodextrin, *LHRH* Luteinizing Hormone-Releasing Hormone, *PAMAM* Poly(amidoamine), *PPI* Poly(propylene imine), *si--ApoB* siRNA-Apolipoprotein B, *TfR* transferrin, *EGFR* epidermal growth factor receptors, *LS174T* colorectal adenocarcinoma, *HeLa* cervix adenocarcinoma cells, *PC-3* Human Prostate adenocarcinoma cells, *TEA-core* Triethanolamine-Core, A2780- Positive human ovarian, A549- human lung cancer cell lines Depending on the type of central atom, different classes of dendrimers are available such as PAMAM (Polyamidoamine), PPI (Poly (propylene imine), PLL, and poly(2,2-bis(hydroxymethyl)propionic acid, etc. (Svenson and Tomalia [@CR137]). Due to its branch structure, several voids/spaces are formed where drugs or nucleic acids are entrapped in these voids. Amine-terminated cationic dendrimers are good for high loading efficiency and controlled release of negatively charged siRNA.

Recently, for treating cancer researchers developed a tumor microenvironment-sensitive polypeptides-amphiphilic dendrimer as a carrier of siRNA/Paclitaxel (TMSP-ADENS/siRNA/PTX) complex for robust co-delivery of therapeutic agents. In this complex, siRNA and paclitaxel were encapsulated within the hydrophilic centre and internal hydrophobic layer, respectively. The outer PEG layer increased the half-life of dendrimers. This complex illustrated the highest rate while regulation of VEGF mRNA in A375 xenograft mice. Furthermore, the tumour-inhibiting and angiogeny-inhibiting activity were also observed in another study on HT-1080 xenograft (Li et al. [@CR76]).

Inorganic Nanocarriers {#Sec41}
----------------------

Inorganic NCs are prepared synthetically from inorganic materials which are hard, water-insoluble, less biodegradable, toxic (Tatiparti et al. [@CR140]). Due to these limitations, inorganic NCs are less used than ONCs to deliver the siRNA molecules. Frequently used inorganic NCs are mesoporous silica nanoparticles; different metal NPs such as gold NPs (AuNPs), selenium NPs (SeNPs), silver NPs (AgNPs); metal oxide NPs like super-paramagnetic iron oxide nanoparticles (SPIONs). Bare inorganic NCs are less biocompatible and have low siRNA loading capacity than ONCs. The reason is that these NCs are mainly solid and therefore they are unable to encapsulate any molecule. The molecules can only be adsorbed of any molecules on its outer most surface. For increasing their biocompatibility and loading capacity outer surfaces of these NCs are coated with several biocompatible, biodegradable, natural or synthetic polymers and lipids (Table [5](#Tab5){ref-type="table"}).Table 5Inorganic nanocarriers used for delivery of siRNAType of NPsCoated polymerShape, size and zeta potentialsiRNA moleculeTargeted moleculeAnimal/cell linesType of studyAidReferencesMesoporous silica nanoparticlesPEISphericalPgp-siRNAKB-31, KB-V1 cellsIn-vitroOvercome chemotherapeutic resistance in cancer cellsMeng et al. ([@CR92])SPIONsPEG-g-PEISpherical, 63 ± 6.1 nm and +27.0 ± 1.1 mV--RGDBel-7402 cellsIn-vitro and in-vivoTargeted delivery, In-vitro and in-vivo MR imaging in miceWu et al. ([@CR157])Au NPs--Polyvalent siRNAHeLa cellIn-vitroKnockdown of luciferase expressionGiljohann et al. ([@CR47])Au nanostarPEGStar shape. 210.5 ± 10.3 nm, and 12.35 ± 2.28 mVsiCOX-22-amino-2-deoxy-D-glucoseHepG2 and SGC7901In-vitroPhotothermal therapy, targeted deliveryZhu et al. ([@CR174])Se NPs--Dendritic structures, 10 nm, and 12.7 mVAnti-Oct4RGDfC peptideHepG2 cancer cell lineIn-vitro and in-vivo bothTargeted improved delivery, biocompatibleXia et al. ([@CR160])*MDR* Multidrug resistance; *Pgp gene* P-glycoprotein gene, *SPIONs* Superparamagnetic iron oxide nanoparticles, *PLKs* Polo-like kinases, *KB-31, KB-V1 cells* Human cervix carcinoma (a derivative of HeLa), *Se NPs* Selenium nanoparticles, *PEG-g-PEI* Polyethylene glycol-grafted polyethyleneimine, Bel-7402- human hepatocellular carcinoma cell line

### Mesoporous Silica and Silicon-Based Nanoparticles {#Sec42}

The use of mesoporous silica nanoparticles (MSNs) is increasing in biomedical and pharmacy field. MSNPs are not only having a spherical shape, high surface area, tunable small size, biocompatibility, and biodegradability, easily surface functionality but also have several ordered porous structural surfaces. Therapeutic hydrophobic drugs, bioimaging agents, genes, chemotherapeutic agents are trapped or stored in these pores (Fig. [4f](#Fig4){ref-type="fig"}). Due to this specific character, MSNs show some advantages of high loading efficiency and controlled release of encapsulated agents (Mekaru et al. [@CR91]). Further, MSNs are small in size with a diameter ranging between 50 and 200 nm, therefore they are passively transported and across membrane barrier and give EPR effect through and leaky vasculature and accumulate in the tumor cells (Maeda [@CR85]). Homogenous, monodispersed MSNs are mostly synthesized by the sol-gel method. For high loading and specific site of delivery of anionic siRNA, MSNs are coated with cationic polymers, PEG, PEI, and amine-terminated PAMAM dendrimers (Meng et al. [@CR92]; Ngamcherdtrakul et al. [@CR100]).

### Calcium Phosphate Core-Shell Nanocarriers {#Sec43}

Calcium phosphate (CaP) particles are most commonly used biocompatible, biodegradable inorganic carrier for high loading of siRNA. Cap is a component that is also present in human bones. CaP particles have several demerits also they are obtained in micro-sized with polydispersed. Nano-sized monodispersed CaP NPs was obtained, when they were precipitated with PEG. CaP NPs are not shown any toxicity at a higher concentration than RNAi-induced concentrations and also shown better control over endogenous VEGF mRNA expression in cultured pancreatic cancer lines.

Researchers synthesized lipid/calcium/phosphate core-shell nanoparticles (LCP NPs) by microemulsion technology for improving systemic delivery of anti-luciferase siRNA. In this type of NPs, calcium phosphate core is surrounded by cationic lipid shell and decorated by an anisamide ligand complementary for sigma receptor on B16F10 melanoma cell surface. After IV injection of siRNA, the luciferase luminescence signal in metastatic B16F10 tumor cells was significantly diminished in C57BL/6 mice (Yang et al. [@CR162]). Several others studies have also been done for systemic delivery of siRNA using CaP NPs inorganic nanoparticles (Qiu et al. [@CR117]; Pittella et al. [@CR112]).

### Metal and Metal Oxide Nanoparticles {#Sec44}

From the last few decades, scientist and researchers have developed, tested and applied several types of metals (gold, silver, selenium, cobalt, nickel etc.) and metal oxides (iron oxide, silver oxide, manganese oxide etc.) NPs for the biomedical applications.

Initially, Au NPs were used only for drug delivery, biomolecular sensing, and hyperthermal therapy. However, currently, AuNPs are also being used in intracellular gene delivery and therapy due to their unique and controllable optical properties, and easy alteration of surfaces with thiolate molecules (Fig. [4h](#Fig4){ref-type="fig"}). Giljohann et al. ([@CR47]) prepared the polyvalent siRNA-gold nanoparticle conjugate (siRNA-AuNPs) which was more stable in 10% serum, exhibited a prolonged half-life and more knockdown of luciferase gene expression than to free RNA duplexes (Giljohann et al. [@CR47]). There are several ways to load a sufficient amount of siRNA on Au NPs:(i)Thiol bond- siRNA is directly attached on AuNPs surface via a gold-thiol (R-S-H) bond.(ii)Ionic bond- Anionic siRNA can be attached on the surfaces of the cationic AuNPs due to the electrostatic interaction.(iii)Polymer coated surface- siRNA adhered to the AuNPs surface coated with biocompatible and biodegradable with polymers (Lee et al. [@CR73]).

Iron oxide NPs are other frequently used metal nanoparticles and have numerous biomedical applications. It is frequently used to deliver various therapeutic agents. Iron oxide NPs are also known as magnetic nanoparticles (MNPs) because they have high magnetic behaviour and this behaviour is used for remotely-controlled site-specific delivery of several therapeutic molecules (drugs and genes) by applying an external magnetic field (Fig. [4g](#Fig4){ref-type="fig"}). MNPs have a diameter between 10 and 100 nm range and are obtained in two different oxidation states- Fe~2~O~3~ (ferric oxide/hematite) and Fe~3~O~4~ (magnetite/lodestone) NPs. When the diameter of NPs are \<30 nm, they show the property of paramagnetism in the hysteresis of the magnetization loop of the particles because of the negligible coercivity arising from the infinitely small energy barrier (Lian et al. [@CR77]).

Hybrid Nanocarriers {#Sec45}
-------------------

Organic and inorganic NCs are having their individual benefits and have been applied to remove various hurdles in delivering genetic materials. However, both classes of NPs has some limitations. Inorganic NPs such as MSNs may have more stability, mechanical, chemical and imaging properties but accumulates as non-degradable substances and confers toxicity. On the other side, organic NCs such as polymers, liposomes, and micelles are biocompatible as well as biodegradable with high encapsulation efficiency both on the surface and within the core, but less stable in-vivo. For removing the drawbacks of both type of NPs, the hybrid NCs are the best solution. These hybrid NCs are prepared with the fusion of both organic and inorganic NCs. Numerous biocompatible and biodegradable polymers are coated or grafted on the surfaces of both NCs. These polymers increase biocompatibility, loading tendency of genes with reduced toxicity (Tatiparti et al. [@CR140]). Meanwhile the inorganic constituents provide diagnostic or therapeutic properties. Therefore, the hybrid NCs have benefit to offers the theranostics application with high delivery efficiency (Sailor and Ji-Ho [@CR125]; Young et al. [@CR165]) (Table [6](#Tab6){ref-type="table"}).Table 6Different hybrid nanocarriers applied for delivery of siRNAType of NPsHybrid withTargeted moleculesiRNA moleculeCell linesType of studyAidsReferencesMesoporous silica nanoparticlesPEI--PEG copolymerAnti-HER2 monoclonal antibody (trastuzumab)BT474, JIMT1, SKBR3, HCC1954, MCF7, MDA-MB-231, and MDA-MB-468; MCF-10a; HepG2; HEK-293In-vitroProtection from blood enzymatic degradation, blood compatible, non imunogenicNgamcherdtrakul et al. ([@CR100])Iron oxide nanoparticlesLipidoid (oleic acid or oleic amine)--HeLa cellIn-vitroHigh loading, enhanced permeability and retention (EPR) effectJiang et al. ([@CR65])Mesoporous silica nanoparticlesG2 amine-terminated PAMAM dendrimers--Bcl-2 siRNAA2780/AD human ovarian cancer cellsIn-vitroEnhances efficacyof chemotherapy drugs, decrease multidrug-resistantChen et al. ([@CR24])Layer-by-layer assembly technique Au NPsPEI/PAH-Cit/PEI/MUAHeLa cellEnhanced delivery, escape endosome, release siRNA into the cytoplasmGuo et al. ([@CR52])Mesoporous silicon nanoparticlesGO nanosheetsA peptide derived from RVGDy547-labeled siRNANeuro-2a cells injured brain cellIn-vitro and in-vivo studies bothEnhanced cellular uptake and gene silencingJoo et al. ([@CR66])Human breast cancer cell lines (BT474, JIMT1, SKBR3, HCC1954, MCF7, MDA-MB-231, and MDA-MB-468), breast epithelial cells (MCF-10a), human liver carcinoma (HepG2), and human embryonic kidney cells (HEK-293), *PEI/PAH-Cit/PEI/MUA* polyethyleneimine/cis-aconitic anhydride functionalized poly(allylamine)/ polyethyleneimine/11-mercaptoundecanoic acid, *RVG* Rabies virus glycoprotein

Conclusion {#Sec46}
==========

Conventional therapy is already being applied to treat several deadly diseases such as cancer, tuberculosis, AIDS etc. However, their use is quite limited due to several weaknesses like non-targeted delivery, high dose and dose frequency that gives numerous adverse effects and multidrug resistance. Currently, gene therapy acclaimed as a revolutionary option of new therapy. siRNA delivery is an alternative approach, that has been pursued actively because of their excellent safety, high efficacy and specificity, easy modification, and unlimited therapeutic targets. But the therapeutic efficacy of naked siRNA is reduced due to systemic instability, before reaching to the target site. To get rid of these hurdles, the most vital solution is to develop biocompatible, biodegradable, and site-specific nano-sized carriers. Every NC has its own benefits and limitations depending on its physicochemical composition, offering a flexible and wide variety of effective agents based on siRNA. Organic NCs such as polymeric or lipid-based nanoparticles and micelles have excellent tendency to encapsulate the therapeutic molecules nevertheless they are unstable and easily degrade within the systemic circulation causing the premature release of therapeutic molecules before reaching the specific site. Mixed polymer micelles are quite stable compared to single polymer micelles. Inorganic naked metal and metal oxide NCs like Au NPs and MNPs are stable and can be easily functionalized. In spite of these advantages, several studies have proved that larger size and a higher concentration of these NCs are toxic. Moreover, naked NCs are also unstable in systemic delivery and rapidly agglomerated by blood plasma protein. Hence, these NCs require stabilizing materials. At last, the nanocarrier mediated delivery systems better solution to resolve issues related to the potent systemic delivery of siRNA. Some of the delivery systems also have proven their values and passed the initial clinical phases.
